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Radiocarbon (14C) measurement of water-soluble organic carbon (WSOC) in ambient aerosols 22 
is a quantitative tool for unambiguously distinguishing fossil and non-fossil sources. In this study, a 23 
fast and reliable method for measuring 14C in micro-scale (μg) WSOC aerosol samples is successfully 24 
developed, which includes three steps: (1) extraction (2) freeze drying, and (3) online 14C analysis of 25 
CO2 from WSOC combustion. Procedure blanks are carefully assessed by measuring high-purity 26 
water and reference materials. Accurate 14C results could be obtained for WSOC with only 10 μg C, 27 
and thus the potential applications are substantially broadened because much less filter material is 28 
needed compared to previous reported methods. This method is applied to aerosols samples collected 29 
during winter from Switzerland and China. The results demonstrate that non-fossil sources are 30 
important if not dominant contributors of WSOC. These non-fossil components are consistently 31 
enriched in WSOC compared to bulk OC and water-insoluble OC for all samples, due to high water 32 
solubility of primary and secondary biomass burning aerosols. However, the presence of fossil WSOC 33 
is still considerable indicating a substantial contribution of secondary OC (SOC) formed from 34 
precursors emitted by fossil emissions. Larger fossil contributions to WSOC is found in China than 35 
in Switzerland and previously reported values in Europe, USA and South Asia, which may be 36 
attributed to higher fossil-derived SOC formation in China.  37 
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1 Introduction 40 
The water-soluble organic carbon (WSOC) component is a major fraction of atmospheric 41 
aerosols with contributions from 20 up to 80 % of the total organic matter (Pöschl, 2005; Kirillova et 42 
al., 2010). Due to its hydrophilic nature, WSOC can play an important role on Earth’s climate by 43 
altering the hygroscopic properties of aerosols and increasing cloud condensation nuclei (CCN) 44 
activity (Asa-Awuku et al., 2011). As a major fraction of fine atmospheric aerosols, WSOC also has 45 
an adverse impact on human health leading to cardiovascular and respiratory problems (Mills et al., 46 
2009). WSOC can be emitted as primary organic carbon (POC) especially during biomass combustion 47 
(Mayol-Bracero et al., 2002) or produced as secondary organic carbon (SOC) by oxidation of gaseous 48 
precursors emitted from various sources including fossil (e.g. coal combustion and vehicle emissions) 49 
and non-fossil (e.g. biogenic, cooking and biomass burning) sources (Kirillova et al., 2010). In 50 
general, SOC constituents are more water-soluble compared to POC (Kondo et al., 2007), and thus 51 
WSOC can be used as a tracer for SOC in the absence of biomass burning (Weber et al., 2007).  52 
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The relative contribution from different emission sources (fossil vs. non-fossil) to WSOC is still 53 
poorly constrained. Radiocarbon (14C) analysis of sub-fractions of aerosols such as organic carbon 54 
(OC), elemental carbon (EC) and WSOC provide a powerful tool for unambiguously determining 55 
fossil and non-fossil sources of carbonaceous particles (Szidat, 2009; Zhang et al., 2012). However, 56 
analytical techniques for measuring 14C content in WSOC often require carbon amounts of >250 μg 57 
C extracted from aerosol samples (Kirillova et al., 2010; Wozniak et al., 2011), limiting this 58 
application due to available material especially for low-loaded aerosol filter samples.  59 
Here, we present a new method for 14C measurements of WSOC, including three steps: (1) 60 
extraction (2) freeze drying, and (3) online 14C analysis of CO2 from WSOC combustion. The 61 
presented method is designed to meet the requirements for fast and easy handling of small samples 62 
(>10 μgC) by omitting the graphitization step for 14C measurement. Graphitization step is often 63 
laborious and thus lowers the possible number of analyzed samples. In addition, this step may 64 
potentially contribute to contaminations and/or isotope fractionation which is especially problematic 65 
for small samples. Both well-defined WSOC reference materials and WSOC extracted from ambient 66 
aerosols from two case studies in China and Switzerland are used to assess the procedure blanks and 67 
prove the feasibility of the suggested method. 14C measurement in OC and its sub-fractions: WSOC 68 
and water-insoluble OC (WINSOC) from both studies will also be discussed. 69 
2 Experimental  70 
2.1 Reference materials and ambient samples 71 
The reference materials used in this study include oxalic acid II (NIST-HOx2, i.e. SRM 4990 C), 72 
sucrose (IAEA-C6) and potassium hydrogen phthalate (Sigma-Aldrich). Solutions containing carbon 73 
concentration in the range of 2–4 gC/l are prepared by diluting reference materials in ultrapure water 74 
with low TOC impurity in 20 ml glass vials (prebaked at 500-550 °C for 4 hours). The atmospheric 75 
samples used in this study are collected with high-volume samplers for 24 hours on quartz-fiber filters 76 
during various field campaigns (Table 1). After sampling, all filters were wrapped in aluminum foil, 77 
packed in air-tight polyethylene bags and stored at -18˚C for later oﬀ-line analyses. 78 
2.2 Preparation of WSOC for 14C measurement 79 
The analytical method of WSOC extraction from aerosol was described previously (Zhang et al., 80 
2012; Zhang et al., 2014). Under a laminar flow box, 16-mm-diameter discs are punched out of the 81 
aerosol filters, sandwiched between two Teflon O-rings (OD: 25 mm, ID:14 mm) and placed with the 82 
loaded side upwards on a 25-mm-diameter polycarbonate filter holder and topped by a polycarbonate 83 
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syringe body. 10 ml ultrapure water with low TOC impurity is then passed through the filter without 84 
a pump and the water extracts are recovered in the 20 ml PFA vials (Savillex). The filter punches is 85 
then delicately removed and placed for 3-4 h in a desiccator for drying. The water-extracted filter is 86 
wrapped in aluminum foil, packed into a sealed plastic bag and stored in the freezer (-18˚C) until 87 
analysis. The solutions are pre-frozen at -20 °C at least for 5 hours before they are dehydrated to 88 
dryness in freeze dryer with low-carbon background (Alpha 2-4 LSC, Christ, Germany) at -10 to 0 °C 89 
for about 24 hours. The residue material is re-dissolved three times in 50 μl of ultrapure water each 90 
and transferred into 200 μl tin capsules (Elementar, Germany) or into 250 μl boat-like quartz vessels 91 
that were pre-baked at 850 °C for 4 h. Finally, samples are heated in the oven at 60 °C until complete 92 
dryness before online or offline 14C measurement. WSOC solutions with known carbon concentration 93 
from reference materials and procedure blank (ultrapure water) are prepared in the same way as 94 
described above but with pre-baked quartz filters (850 °C for 4 h) without aerosol loading. The 95 
experimental schematic diagram is summarized in the Supplemental Materials as Figure S1. The 96 
detailed method of carbon amount determination in different carbonaceous fractions is also described 97 
in the Supplemental Materials. 98 
2.3 14C measurement of WSOC isolates   99 
The 14C measurement is conducted by the accelerator mass spectrometer MICADAS equipped 100 
with a gas ion source to omit the graphitization step, allowing measuring 14C directly in CO2 from 2 101 
to 100 μg C (Wacker et al., 2013; Szidat et al., 2014). Before 14C analysis, WSOC has to be converted 102 
to CO2, which can be either combusted in an OC/EC analyzer (Model4L, Sunset Laboratory Inc, USA) 103 
(Zhang et al., 2012) or Elemental Analyzer (EA, Model Vario Micro, Elementar, Germany), which 104 
will be denoted as offline and online combustion approaches, respectively. 14C measurements could 105 
be easily adapted to CO2 produced from both approaches using the versatile gas interface coupled 106 
with the MICADAS (Wacker et al., 2013). For the offline method, the CO2 resulting from combustion 107 
of WSOC in the quartz vessels with the OC/EC analyzer is trapped cryogenically and sealed in glass 108 
ampoules in a dedicated vacuum system, so-called THEODORE (Szidat et al., 2004a). These glass 109 
ampules are cracked inside of the gas interface of the MICADAS to release CO2 and the gas amount 110 
is determined manometrically, diluted to 5% in helium and introduced continuously into the gas ion 111 
source of the MICADAS for 14C measurement. For the online combustion, oxidation of the purified 112 
water extracts is directly carried out in the EA as a combustion unit (up to 1050°C) in which samples 113 
are oxidized to CO2 and purified. The resulting CO2 is directly trapped on X13 zeolite molecular sieve 114 
(sodium aluminosilicate) in the gas interface at room temperature, which is later thermally released 115 
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by heating to 450 °C and is then measured in the same way as described before for the offline method 116 
(Ruff et al., 2010).  117 
14C results are reported as fraction of modern (fM), the fraction of the measured 14C/12C ratio 118 
related to the 14C/12C ratio of the reference year 1950 (Stuiver, 1977). Blank correction of fM is also 119 
included which will be explained below. Due to excess 14C from nuclear bomb tests performed in the 120 
1950s and 1960s, fM values have to be converted to fraction of non-fossil (fNF) (Zhang et al., 2012): 121 
fNF=fM/fM,ref       (Eq. 1) 122 
fM,ref is a reference value of fM for contemporary carbon sources including biogenic and biomass 123 
burning emissions, which can be estimated according to the contemporary atmospheric CO2 fM (Levin 124 
et al., 2010) and a tree growth model (Mohn et al., 2008), respectively. As a result, fM,ref values of 125 
1.11±0.05 and 1.10±0.05 are used for WSOC samples collected in 2008/2009 and 2010/2011, 126 
respectively.   127 
3 Results 128 
3.1 Method evaluation 129 
The contribution of the procedural blank to the total measured concentration and fM values can be 130 
determined by mass balance represented by the following equation, which is modified from (Cao et 131 
al., 2013):  132 
fM,corr = (fM,meas*mmeas - fM,bk*mbk  ) / (mmeas-mbk)    (Eq. 2) 133 
where fM,corr is the blank-corrected fM, and fM,meas and fM,bk are the measured fM for samples and blanks, 134 
respectively. mmeas and mbk denote the carbon mass of the samples and blanks, respectively. 135 
The mass of the procedure blank is on average 0.98 ± 0.31 μg (n=5), which is directly determined 136 
by the Sunset OC/EC analyzer. The fM of the procedure blank cannot be directly measured as the 137 
carbon amount of the blank is too low compared to minimum requirement of carbon amount (~3 μgC) 138 
for a reliable 14C measurement with MICADAS. Instead, the fM,bk can be calculated by the difference 139 
from the expected fM of the reference materials with their known values. As shown in Figure 1, the 140 
fM values of the 14C-free material (potassium hydrogen phthalate) increase with decreasing sample 141 
size. This is expected when a constant contribution from a modern contamination is introduced in 142 
14C-free samples during sample preparation. As described above, the fM values of this contamination 143 
or procedure blank can be estimated with Eq 2 and was found to be 1.08±0.34 (with mbk=0.98±0.31 144 
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μg, see above). Thus, a blank correction following Eq. 2 has to be applied to all samples to account 145 
for procedure blank contributions. A further validation of this influence on fM was carried out by 146 
measuring two modern standards such as IAEA-C6 and NIST-HOx2 (see Figure 1b). The blank-147 
corrected fM values of both materials are indistinguishable from the nominal values (t-test, p<0.05). 148 
The results presented in Figure 1 show that without such a correction the 14C results would be biased. 149 
The extent of bias depends on the size and 14C-level of the samples. A sensitive test is carried out 150 
with sample size ranging from 2 to 100 μg with three assumed fM values (i.e. 0, 0.5 and 1) (Figure 151 
2a). There is only a small bias (up to 7%) for the “modern” samples (fM=1.0) even for very small 152 
samples, while the bias can be >10% when the carbon amount is <7 μg and <12 μg, for samples with 153 
fM=0.5 and fM=0, respectively. However, the uncertainty of the blank-corrected fM (derived from an 154 
error propagation of Eq. 2) is increased compared to the original 14C measurement uncertainty due to 155 
contributions of the uncertainties from all components in Eq. 2 (Figure 2b). For samples larger than 156 
10 μgC, the uncertainty of fM is smaller than 6% for the full range of values between 0 and 1. This 157 
uncertainty is smaller than the combined uncertainty of fNF which includes uncertainties from carbon 158 
mass determination and bomb-peak correction (see Sec. 3.4). Therefore, we conclude that at least 10 159 
μgC are needed to get accurate 14C results with acceptable uncertainties.  160 
The average recovery of reference materials is 93±9 % (n=13), 50±3 % (n=4) and 97±3 % (n=6) 161 
for potassium hydrogen phthalate, NIST-HOx2 (oxalic acid) and IAEA-C6 (sucrose), respectively, 162 
which is comparable to those reported by Kirillova et al. (2010). The lowest recovery is found for 163 
oxalic acid, which was shown to be one of the smallest and very volatile molecules in ambient WSOC 164 
(Kirillova et al., 2010; Seinfeld and Pandis, 2012). However, a higher recovery (ranging from 75%-165 
95%) is found for WSOC extracted from ambient samples, which is similar to those reported by 166 
(Yang et al., 2003). Therefore, unrecovered fraction may not influence 14C content in WSOC 167 
significantly. A great agreement is found between the measured and calculated 14C in WSOC, which 168 
validates it (see below), although further studies are needed to measure 14C directly for low molecular 169 
weight compounds.  170 
The comparability of the 14C results of WSOC obtained with the offline and online method (see 171 
chapter 2.3) is tested by measuring reference materials and ambient samples (n=9, see next chapter) 172 
are measured with both methods showing No significant difference (p<0.05) between the two 173 
methods (Figure 3).  174 
For comparison, 14C content in water insoluble OC (WINSOC) and WSOC was either directly 175 
measured and/or estimated by isotopic mass balance as follows: 176 
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f୒୊ሺOCሻ ൌ f୛ୗ୓େ ൈ f୒୊ሺWSOCሻ ൅ ሺ1 െ f୛ୗ୓େሻ ൈ f୒୊ሺWINSOCሻ	ሺEq. 3ሻ 177 
where fWSOC is the WSOC to OC fraction. Although 14C results of WSOC and WINSOC have 178 
been reported in literature before  (Szidat et al., 2004b; Wozniak et al., 2012a; Wozniak et al., 2012b; 179 
Kirillova et al., 2013; Zhang et al., 2013; Zhang et al., 2014), none of them has performed 14C 180 
measurement directly on both fractions. Here, no significant difference (n=5, p<0.05) was observed 181 
between directly measured and indirectly calculated fNF(WSOC) values indicating that both 182 
approaches are feasible.  183 
3.2 Case studies in Switzerland and China 184 
In this study, 14C measurements of WSOC extracts (ranging from 20 – 80 μgC) is performed for 185 
aerosol samples collected during winter at Bern and Moleno, Switzerland, as well as at Guangzhou 186 
and Beijing, China. As shown in Table 1, fNF-values are 0.81-0.92 for Bern and Moleno (Switzerland) 187 
indicating a dominant contribution from non-fossil sources to WSOC during the winter, mainly from 188 
wood burning (Zotter et al., in preparation). A major fraction of primary biomass-burning OC is water 189 
soluble, and the water solubility of OC can even be increased due to SOC formation and/or 190 
heterogeneous oxidation. Such high non-fossil contributions to WSOC for winter aerosols have also 191 
been reported at other sites in Europe, such as Zurich (77±18%) (Zhang et al., 2013) and Gothenburg, 192 
Sweden (0.85±0.09) (Szidat et al., 2009). Nevertheless, fossil contributions are also considerable, 193 
accounting for 8-19% of WSOC, which is likely attributed to fossil-derived SOC given that primary 194 
OC from vehicle emissions are less oxidized and thus less water soluble (Kondo et al., 2007).  195 
fNF values in Beijing and Guangzhou are 0.45-0.72, demonstrating that non-fossil sources are 196 
still important if not dominant contributors of WSOC, although these contributions are lower than for 197 
Switzerland due to higher fossil emissions from vehicles and coal-combustion in China. The larger 198 
fossil-fuel fraction in WSOC found in China (21% and 51% for Guangzhou and Beijing, respectively) 199 
compared to Switzerland (11% and 14% for Bern and Moleno, respectively) is most likely due to 200 
enhanced fossil-derived SOC formation. The higher fossil contribution to WSOC in Beijing 201 
compared to Guangzhou could be due to enhanced coal consumption for heating activities, since the 202 
temperature is much lower in Beijing than in Guangzhou during winter. Non-fossil contributions to 203 
WSOC in these two urban sites of China are lower than those reported in South Asia including rural 204 
sites of Hanimaadhoo, Maldives (81%±4%) and Sinhagad, India (76%±4%) (Kirillova et al., 2013) 205 
as well as an urban site in Delhi, India (79%±4%) (Kirillova et al., 2014b). There are only a few 206 
studies reporting 14C measurements of WSOC in urban sites of China. For example, non-fossil 207 
contribution to WSOC aerosols from Xi’an (an industrial city in western China) during later-fall is 208 
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~70% (Pavuluri et al., 2013) and this contribution is substantially higher at a background site on the 209 
Hainan Island in the southernmost province of China (77%±11%) (Zhang et al., 2014). Very recently, 210 
14C measurement of aerosol samples collected at a receptor station in the Southeast Yellow Sea for 211 
the outflow from northern China shows that the WSOC in the Chinese outflow composes of 50%-70% 212 
non-fossil carbon (Kirillova et al., 2014a), which is comparable to our findings in this study.  213 
The non-fossil fraction is found to be always higher in WSOC compared to total OC and 214 
WINSOC (p<0.01), which is consistent with previous findings that biomass burning OC from both 215 
primary and secondary emissions are highly water-soluble (Sullivan et al., 2006; Pavuluri et al., 2013). 216 
The non-fossil enrichment of WSOC compared to WINSOC ranges from 18% to 64%. This 217 
enrichment has also been reported  earlier in Europe (Szidat et al., 2009; Zhang et al., 2013), the USA 218 
(Wozniak et al., 2012b) and Asia (Kirillova et al., 2013; Pavuluri et al., 2013). In contrast, fossil 219 
contributions to WINSOC are larger compared to WSOC (p<0.01), suggesting a large fraction of 220 
fossil OC is insoluble due to hydrophobic properties of particles from fossil sources.  221 
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Figures and tables 330 
 331 
Figure 1. Fraction of modern (fM) of fossil reference material (potassium hydrogen phthalate) (a) and 332 
“modern” reference materials including NIST-HOx2 and IAEA-C6 (b) against the sample size. 333 
Horizontal dotted lines and shaded areas represent mean of blank-corrected fM and 2 sigma deviations, 334 
respectively. The unprocessed or nominal fM values (solid lines) are also given as reference (numbers 335 




Figure 2. Sensitivity analysis of the bias of fraction of modern (fM) without blank correction (a) and 338 









Table 1. Blank-corrected fraction of modern (fM) and fraction of non-fossil (fNF) of WSOC, as well as WSOC/OC ratio, fNF values of 344 
OC and WINSOC of aerosols samples collected at Bern and Moleno, Switzerland, as well as Beijing and Guangzhou, China.  345 
Sample site and  
characteristic 
PM  











Bern, urban kerbside, 
winter 2009 PM10 
14-Jan-09 0.47 1.01±0.02 0.92±0.05 0.78±0.04 0.66±0.04*  
3-Feb-09 0.30 0.95±0.02 0.86±0.05 0.70±0.04 0.63±0.04*  
Moleno, Alpine valley, 
highway nearby,  
winter 2008 
PM10 
30-Jan-08 0.50 0.97±0.01 0.89±0.05 0.79±0.05 0.68±0.04 0.91±0.05 
23-Feb-08 0.57 0.95±0.01 0.87±0.05 0.77±0.04 0.67±0.04 0.91±0.05 
25-Feb-08 0.55 0.90±0.02 0.81±0.05 0.79±0.05 0.64±0.04 0.84±0.05 
Beijing, urban site, 
winter 2011 PM4.3 
1-Dec-11 0.48 0.49±0.01 0.45±0.05 0.43±0.03 0.38±0.03 0.49±0.05 
15-Feb-11 0.51 0.49±0.01 0.45±0.05 0.36±0.03 0.32±0.03 0.41±0.05 
Guangzhou, urban site, 
winter 2011 PM10 
15-Dec-11 0.42 0.79±0.01 0.72±0.05 0.55±0.03 0.44±0.04*  
16-Dec-11 0.44 0.79±0.01 0.71±0.05 0.58±0.03 0.47±0.04*  
* Indirectly calculated by Eq. 3 (see text for details). 346 
 347 
 348 
